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Abstract
We demonstrate the highest efficiency (∼80%) second harmonic generation (SHG) of Joule level, 27 femtosecond, high
contrast pulses in a type-I lithium triborate (LBO) crystal. In comparison, potassium dihydrogen phosphate (KDP) gives
a maximum efficiency of 26%. LBO thus offers high intensity (>1019 W/cm2), ultra-high contrast femtosecond pulses,
which have great potential for high energy density science particularly with nanostructured targets as well as technological
applications.
1 Introduction
Intense, femtosecond laser pulse interactions with solids
facilitate high energy density science and provide high
brightness, ultrafast x-ray and THz sources on the one
hand and energetic pulsed electron, proton, ion and
positron sources on the other- all on a table top [1, 2].
The development of high-power, femtosecond lasers
sparked off the study of ultrafast, intense laser-matter
interactions in great detail [3, 4]. The big attraction here
is the ’instantaneous’ excitation of solid density matter
[5], unlike in studies with longer pulses where the exci-
tation occurs over a partially ionized, expanding, lower
than solid density plasma. In practice, an amplified
femtosecond pulse has a longer picosecond wing and
nanosecond pedestal and replica. These ’prepulses’ are
intense enough to create a significant density preplasma
on a target, particularly at the highest peak intensities
(1022 W/cm2) [6], which can adversely influence the
interactions between the subsequent, main laser pulse
and the solid. The key parameter therefore is the in-
tensity contrast, i.e. the ratio of the peak intensity of
the femtosecond part to that at the picosecond pedestal
level. Much effort has therefore been made for cleaning
up prepulses [7, 8].
A major parallel direction in the recent past has been
the optimization of structured targets for producing
hot, dense plasma conditions and hence high flux,
electromagnetic and material particle emissions [1, 2].
Some of the well known structures include nanoparticles
[9], nanowires [10, 11], nanobrushes [12] and gratings
[13, 14]. The necessity of a clean femtosecond pulse
becomes particularly acute here because the prepulses
can easily destroy the surface structures before arrival
of the main pulse and hence frustrate its very purpose
[15]. The enhancement of the local electric fields by these
structures works against their survival at the intensities
in the picosecond pedestal thereby causing enhanced
preplasma.
The picosecond pedestal is suppressed by a fast
saturable absorber[7], cross-wave polarization gating
[16], the seeding of the amplifiers at high energy and im-
proving compressor components [17, 18]. The first two
involve nonlinear optical processes. In lasers systems
with intrinsic low contrast, external plasma mirroring
[19] and harmonic generation [20] can improve contrast.
Second harmonic generation (SHG) is particularly at-
tractive, since it is simple, robust and easy to control.
In practical terms, the application of SHG is dependent
on the availability of highly efficient, large crystals (to
accommodate large amplified beams) with manageable
dispersion and high damage threshold. Given these
several constraints, there have been very few studies on
this topic, particularly at high intensities [20–24].
In this paper, we demonstrate SHG of 800 nm, high
contrast (109), 27 femtosecond pulses at nearly 80%
efficiency in a lithium triborate (LBO) crystal at peak
incident intensities as large as 1400 GW/cm2. The
resulting 400 nm, ultra-high contrast pulses can generate
focused intensities as large as 5 x 1019 W/cm2 (consid-
ering focal waist to be 10 µm). We present variation of
efficiency with input laser energy and the corresponding
SHG spectra. We compare LBO with potassium dihy-
drogen phosphate (KDP) under the same conditions and
compare our results in context of other studies.
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2 Experiment
The experiment (Fig. 1) was conducted using a chirped
pulse amplified 150 TW Ti: sapphire laser system deliv-
ering 800 nm, 27 fs, 50 nm bandwidth pulses at a 5 Hz
repetition rate (Fig 2).
The complete experiment was done inside a vacuum
chamber (10−5 mbar pressure). A type-I lithium triborate
(LBO) crystal (Cristal Laser; 70 mm clear aperture, 2 mm
thick, anti-reflection coated for both 800 nm and 400 nm)
was used for SHG. Two dichroic mirrors coated for 400
nm (R > 99.9%) were placed after the LBO to eliminate
residual fundamental radiation (800 nm). A pyroelectric
detector (OPHIR PE100BF-DIF-C) was placed after the
two mirrors to measure the SHG energy. After the
energy measurements, a beam splitter was placed, and
a small fraction (1%) of the second harmonic (SH) beam
was sent through a fused silica window of the vacuum
chamber, in order to measure the spectrum of the SH
with a single shot spectrometer (Avantes UV/VIS/NIR
AvaSpec-ULS2048L-EVO (200-1100 nm). Similar mea-
surements were obtained for a type-I KDP crystal (52
mm aperture and 1 mm thick; no anti-reflection coating).
Crystal characteristics are presented in Table 1.
Fig. 1. Schematic of the experimental setup (M1-M2:
Dichroic Mirrors for 400 nm, BS: Beamsplitter, BD1-BD2:
Beam Dumps).
LBO KDP
Type Type-I at 800 nm Type-I at 800 nm
θ 90◦ 44.9◦
φ 31.6◦ 45◦
Diameter 70 mm 52 mm
Thickness 2 mm 1 mm
Manufacturers Cristal Laser EKSMA Optics
Table 1. Charateristics and dimensions of the SHG crys-
tals.
Fig. 2. (a) Intensity contrast (measured using SE-
QUIOA), (b) pulse-width (measured using SPIDER),
and (c) bandwidth, of fundamental 800 nm pulse. SPI-
DER - Spectral phase interferometry for direct electric
field reconstruction (SPIDER) [25] (Amplitude Technolo-
gies); SEQUIOA (Amplitude Technologies) - a third-
order cross correlator [26, 27].
3 Results and Discussion
Fig. 3a shows the SHG energy and conversion efficiency
as a function of both input energy and input intensity
on the LBO. The error bars arise from repeated mea-
surements. At lower intensities, SHG process has an
output that scales as the square of the input energy, as
seen from the quadratic fit. At high intensities used in
the experiment however, the output energy is seen to
deviate from the quadratic behaviour into saturation.
The SHG output of KDP (Fig. 3c) similarly shows
an initial quadratic increase with input, reaching a
maximum of around 26% at 150 mJ (or an intensity of
∼250 GW/cm2) before saturation of the output SHG
energy. At high intensities, saturation is expected from
significant coupling to higher order nonlinearities [28].
In particular, nonlinear spatial and temporal modulation
of the input and generated pulses can lead to significant
group velocity mismatch and walk- off between the
fundamental and the second-harmonic (SH) pulses. The
efficiency reaches an attractive 50% at energies as low as
400 mJ and a peak of about 80% at 1.2 J. We believe such
conversion efficiencies using high-intensity, sub-100 fem-
tosecond pulses have not been measured in other studies
and hence are really promising for the field of high
energy density physics, in particular ultrahigh contrast
experiments at relativistic intensities. For example, the
generated 400 nm pulse has been focused to intensities
of 1019 W/cm2 in experiments currently underway in
our laboratory.
Fig. 3b shows the spectrum of SH pulses for different
input energies on the LBO. We note that the bandwidth
of the spectra increases with input energy and develops
additional modulations. Such modulations are known
to arise from higher order nonlinearities like self phase
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Fig. 3. (a) SHG Conversion efficiency from LBO crystal, (b) SHG spectrum of LBO crystal by varying input laser en-
ergy, (c) SHG Conversion efficiency from KDP crystal, (d) SHG spectrum of KDP crystal by varying input laser energy.
Parameters D. Hillier M. Hornung M. Aoyama K. Mori A. Marcinkevicˇius Ours
λ (nm) 1054 1030 800 800 800 800
Pulsewidth (fs) 500 143 100 125 130, 180 27
Bandwidth (nm) 3 10 10 9 8, 6 50
Intensity (GW/cm2) 250 487 192 100 N/A 1100, 1400
Crystal used KDP KDP KDP KDP KDP KDP, LBO
Crystal diameter (mm) 320 160 N/A N/A 65 52, 70
Crystal thickness (mm) 3 2 1 1 2 1, 2
Maximum Efficiency (%) 75 30 80 60 45, 45 26, 80
Table 2. Comparison of SHG conversion from different experiments. D. Hiilier et. al. [20], M. Hornung et. al. [21], M.
Aoyama et. al. [22], K. Mori et. al. [23], A. Marcinkevicˇius et. al. [24]; N/A - not available.
modulation [28]. At lower input energy the bandwidth is
about 6 nm and at higher input energy, about 9 nm. The
higher bandwidth implies that the SH pulse generated
at higher intensities could potentially have a lower
pulse-width, with respect to Fourier transform limit
arguments (∆ν∆τ = k). But, the true pulse width of the
SH generated pulse is hard to estimate due to a variety
of effects related to walk-off and higher-order nonlinear
effects. Fig. 3d shows the SH spectra for different input
intensities from the KDP crystal. It also similarly shows
that for higher intensities the SH spectra are broadened
and modulated.
Comparing the results for SHG efficiencies using KDP
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and LBO, we see much larger efficiencies for the LBO.
The difference in crystal thickness plays a role between
the two results by a factor of four. Also, previous studies
reveal LBO to have superior damage threshold, higher
nonlinearity, smaller walk-off angle and larger accep-
tance angle as compared to KDP [29, 30], which could
explain the differences in efficiencies seen. Another
reason for the difference could be that in the case of
KDP, conversion into higher order nonlinearities starts
at lower intensities than for LBO. Also, lower damage
threshold of the KDP crystal makes it difficult to use
higher intensities on them.
Let us compare our results with earlier reports of SHG
(Table 2). Firstly, we have used the highest intensities
on the crystal, possible for femtosecond pulses, and
also our pulse bandwidth is the highest. Hence, we
face the most adverse effects of walk-off and possible
interference of higher order nonlinearities, given that our
intensities have reached 1400 GW/cm2. Nevertheless,
it is gratifying to note that we have reached conversion
efficiencies as large as 80%, which is extremely encourag-
ing for applications particularly in high energy density
science where the whole purpose of the SHG process is
to improve the intensity contrast of the pulses. We are
able to achieve intensities as large as 5 x 1019 W/cm2
in experiments that are ongoing. In comparison with
other results however, it is to be noted that the largest
efficiencies reported were by Hillier et. al. at 75% [20]
and Aoyama et. al at 80% [22]. Hillier et. al used 500
fs pulses at much larger input energies, but also much
larger crystal sizes, keeping the intensity on the crystal
rather low (250 GW/cm2). Note that their pulses had
a bandwidth of only about 3 nm and thus much less
walk-off effects, due to which they were able to use
larger crystal lengths. Similarly, Aoyama et. al used 100
fs pulses with a bandwidth of about 10 nm, and intensity
on crystal around 192 GW/cm2 - compared to our
experiment, longer pulsewidth and shorter bandwidth.
Secondly, at high intensities in our case, we do see the
effects of pulse spectral broadening which is indicative
of higher order nonlinear effects [28]. However that
doesn’t seem to affect the conversion efficiency. It may
however have implications for the SHG pulse duration.
Preliminary measurements that we have made reveal
a pulse duration of about 50 fs. Also, we are in the
process of setting up a self-diffration FROG [31] at 400
nm which should give us the true measurement of the
pulse duration and instantaneous phase, which we shall
report in future publications.
Finally, the contrast of the SHG pulse is not measur-
able with the current technology. We can however esti-
mate the best value to be the square of the contrast of the
input pulse, the latter being 109 in our case. In practice,
it may not be exactly the best achievable but we can esti-
mate an improvement in the picosecond contrast to be at
least a million fold [20].
4 Conclusions
We report a highly attractive 80% SHG efficiency from a
2 mm thick LBO crystal, using 800 nm, 27 femtosecond
and 50 nm bandwidth, 109 intensity contrast pulses.
In comparison, we get only 26% from a 1 mm KDP
crystal. Efficient SHG from such high bandwidth pulses
requires proper consideration of effects due to walk-off,
which adds more appeal to this result. We also show
SHG spectral broadening at high intensities, indicating
the effects of higher order nonlinearities. Due to such
high efficiencies, we are able to reach intensities > 1019
W/cm2 when focused on a target. In addition, SHG
can improve the intensity contrast by many orders of
magnitude, hence these pulses can facilitate clean fem-
tosecond experiments with structured targets to produce
hot, dense plasma conditions and ultrabright radiation
sources.
Funding. GRK acknowledges a J.C. Bose Fellowship
grant (JCB-037/2010) from the Science and Engineering
Board (SERB), Government of India.
Acknowledgement. The authors thank K.
Chandra Vardhan for help in the experiment.
References
[1] R. P. Drake, High Energy Density Physics. Springer-
Verlag Berlin Heidelberg, 2006.
[2] P. K. Kaw, “Nonlinear laser–plasma interactions,”
Reviews of Modern Plasma Physics, vol. 1, p. 2, Jun
2017.
[3] P. Gibbon, Short pulse laser interactions with matter: an
introduction. Imperial College Press, 2013.
[4] G. A. Mourou, T. Tajima, and S. V. Bulanov, “Optics
in the relativistic regime,” Rev. Mod. Phys., vol. 78,
pp. 309–371, Apr 2006.
[5] M. M. Murnane, H. C. Kapteyn, M. D. Rosen,
and R. W. Falcone, “Ultrafast x-ray pulses from
laser-produced plasmas,” Science, vol. 251, no. 4993,
pp. 531–536, 1991.
[6] S.-W. Bahk, P. Rousseau, T. A. Planchon, V. Chvykov,
G. Kalintchenko, A. Maksimchuk, G. A. Mourou,
and V. Yanovsky, “Generation and characterization
of the highest laser intensities (1022 W/cm2),” Opt.
Lett., vol. 29, pp. 2837–2839, Dec 2004.
[7] Y.-H. Chuang, D. D. Meyerhofer, S. Augst, H. Chen,
J. Peatross, and S. Uchida, “Suppression of the
pedestal in a chirped-pulse-amplification laser,” J.
Opt. Soc. Am. B, vol. 8, pp. 1226–1235, Jun 1991.
4
[8] M. Nantel, J. Itatani, An-Chun Tien, J. Faure, D. Ka-
plan, M. Bauvier, T. Buma, P. Van Rompay, J. Nee,
P. P. Pronko, D. Umstadter, and G. A. Mourou,
“Temporal contrast in Ti:sapphire lasers, characteri-
zation and control,” IEEE Journal of Selected Topics in
Quantum Electronics, vol. 4, no. 2, pp. 449–458, 1998.
[9] P. P. Rajeev, P. Taneja, P. Ayyub, A. S. Sandhu, and
G. R. Kumar, “Metal nanoplasmas as bright sources
of hard x-ray pulses,” Phys. Rev. Lett., vol. 90,
p. 115002, Mar 2003.
[10] M. A. Purvis, V. N. Shlyaptsev, R. Hollinger, C. Barg-
sten, A. Pukhov, A. Prieto, Y. Wang, B. M. Luther,
L. Yin, S. Wang, and J. J. Rocca, “Relativistic
plasma nanophotonics for ultrahigh energy density
physics,” Nature Photonics, vol. 7, no. 10, pp. 796–
800, 2013.
[11] Z. Samsonova, S. Höfer, V. Kaymak, S. Ališauskas,
V. Shumakova, A. Pugžlys, A. Baltuška, T. Siefke,
S. Kroker, A. Pukhov, O. Rosmej, I. Uschmann,
C. Spielmann, and D. Kartashov, “Relativistic in-
teraction of long-wavelength ultrashort laser pulses
with nanowires,” Phys. Rev. X, vol. 9, p. 021029, May
2019.
[12] Z. Zhao, L. Cao, L. Cao, J. Wang, W. Huang,
W. Jiang, Y. He, Y. Wu, B. Zhu, K. Dong, Y. Ding,
B. Zhang, Y. Gu, M. Y. Yu, and X. T. He, “Acceler-
ation and guiding of fast electrons by a nanobrush
target,” Physics of Plasmas, vol. 17, no. 12, p. 123108,
2010.
[13] A. Macchi, “Surface plasmons in superintense laser-
solid interactions,” Physics of Plasmas, vol. 25, no. 3,
p. 031906, 2018.
[14] S. Kahaly, S. K. Yadav, W. M. Wang, S. Sengupta,
Z. M. Sheng, A. Das, P. K. Kaw, and G. R. Ku-
mar, “Near-complete absorption of intense, ultra-
short laser light by sub-λ gratings,” Phys. Rev. Lett.,
vol. 101, p. 145001, Sep 2008.
[15] P. Gibbon and O. N. Rosmej, “Stability of nanos-
tructure targets irradiated by high intensity laser
pulses,” Plasma Physics and Controlled Fusion, vol. 49,
pp. 1873–1883, Oct 2007.
[16] A. Jullien, O. Albert, F. Burgy, G. Hamoniaux, J.-
P. Rousseau, J.-P. Chambaret, F. Augé-Rochereau,
G. Chériaux, J. Etchepare, N. Minkovski, and S. M.
Saltiel, “1010 temporal contrast for femtosecond ul-
traintense lasers by cross-polarized wave genera-
tion,” Opt. Lett., vol. 30, pp. 920–922, Apr 2005.
[17] C. Hooker, Y. Tang, O. Chekhlov, J. Collier, E. Divall,
K. Ertel, S. Hawkes, B. Parry, and P. P. Rajeev, “Im-
proving coherent contrast of petawatt laser pulses,”
Opt. Express, vol. 19, pp. 2193–2203, Jan 2011.
[18] Y. Tang, C. Hooker, O. Chekhlov, S. Hawkes, J. Col-
lier, and P. P. Rajeev, “A novel stretcher for con-
trast enhancement in cpa lasers,” in Advanced Solid
State Lasers, p. ATu2A.41, Optical Society of Amer-
ica, 2014.
[19] C. Thaury, F. Quéré, J.-P. Geindre, A. Levy, T. Cec-
cotti, P. Monot, M. Bougeard, F. Réau, P. d’Oliveira,
P. Audebert, R. Marjoribanks, and P. Martin,
“Plasma mirrors for ultrahigh-intensity optics,” Na-
ture Physics, vol. 3, pp. 424–429, Jun 2007.
[20] D. Hillier, C. Danson, S. Duffield, D. Egan,
S. Elsmere, M. Girling, E. Harvey, N. Hopps,
M. Norman, S. Parker, P. Treadwell, D. Winter,
and T. Bett, “Ultrahigh contrast from a frequency-
doubled chirped-pulse-amplification beamline,”
Appl. Opt., vol. 52, pp. 4258–4263, Jun 2013.
[21] M. Hornung, G. A. Becker, A. Seidel, J. Reislöh-
ner, H. Liebetrau, L. Bock, S. Keppler, A. Kessler,
M. Zepf, J. Hein, and M. C. Kaluza, “Generation
of 25-TW femtosecond laser pulses at 515 nm with
extremely high temporal contrast,” Applied Sciences,
vol. 5, no. 4, pp. 1970–1979, 2015.
[22] M. Aoyama, T. Harimoto, J. Ma, Y. Akahane, and
K. Yamakawa, “Second - harmonic generation of
ultra-high intensity femtosecond pulses with a KDP
crystal,” Opt. Express, vol. 9, pp. 579–585, Nov 2001.
[23] K. Mori, Y. Tamaki, M. Obara, and K. Midorikawa,
“Second-harmonic generation of femtosecond high-
intensity Ti:sapphire laser pulses,” Journal of Applied
Physics, vol. 83, no. 6, pp. 2915–2919, 1998.
[24] A. Marcinkevicˇius, R. Tommasini, G. Tsakiris,
K. Witte, E. Gaižauskas, and U. Teubner, “Frequency
doubling of multi-terawatt femtosecond pulses,”
Applied Physics B, vol. 79, pp. 547–554, 2004.
[25] C. Iaconis and I. A. Walmsley, “Spectral phase inter-
ferometry for direct electric-field reconstruction of
ultrashort optical pulses,” Opt. Lett., vol. 23, pp. 792–
794, May 1998.
[26] R. C. Eckardt and C. H. Lee, “Optical third harmonic
measurements of subpicosecond light pulses,” Ap-
plied Physics Letters, vol. 15, no. 12, pp. 425–427, 1969.
[27] G. Albrecht, A. Antonetti, and G. Mourou, “Tem-
poral shape analysis of Nd3+: YAG active pas-
sive model-locked pulses,” Optics Communications,
vol. 40, no. 1, pp. 59 – 62, 1981.
[28] T. Ditmire, A. M. Rubenchik, D. Eimerl, and M. D.
Perry, “Effects of cubic nonlinearity on frequency
doubling of high-power laser pulses,” J. Opt. Soc.
Am. B, vol. 13, pp. 649–655, Apr 1996.
[29] D. N. Nikogosyan, “Lithium triborate (LBO),” Ap-
plied Physics A, vol. 58, pp. 181–190, Mar 1994.
[30] S. Lin, Z. Sun, B. Wu, and C. Chen, “The nonlinear
optical characteristics of a LiB3O5 crystal,” Journal of
Applied Physics, vol. 67, no. 2, pp. 634–638, 1990.
[31] D. J. Kane and R. Trebino, “Characterization of arbi-
trary femtosecond pulses using frequency-resolved
optical gating,” IEEE Journal of Quantum Electronics,
vol. 29, no. 2, pp. 571–579, 1993.
5
